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Many proposed spintronics devices require mobile electrons at room temperature with long spin 
lifetimes. One route to achieving this is to use quantum wells with tunable spin-orbit (SO) param- 
eters. Research has focused on zinc-blende materials such as GaAs which do not have long spin 
lifetimes at room temperature. We show that wurtzite (w) materials, which possess smaller SO 
coupling due to being low-Z, are better suited for spintronics applications. This leads to predictions 
of spin lifetimes in w-AIN exceeding 2 ms at helium temperatures and, relevant to spintronic devices, 
spin lifetimes up to 0.5 /j,s at room temperature. 



Much of semiconductor research in recent years has 
focused on the electron spin degree of freedom. For 
many non-quantum coherent spintronic applications one 
requires mobile electrons. Even as a carrier of classi- 
cal information the spin of mobile electrons offers advan- 
tages: translation and rotation are in principle dissipa- 
tionless, offering great potential advantages over charge 
motion. For all types of spintronic applications, long 
spin coherence times and ease of spin manipulation at 
room temperature are of crucial importance. Several 
types of devices based on mobile spins have been pro- 
posed: ballistic [T] and non-ballistic [2] spin field effect 
transistors, and double-barrier [3 structures. Tuning of 
the spin-orbit (SO) parameters is possible by applying a 
gate voltage to a quantum well (QW) to vary the Rashba 
coupling. In addition, systematic variation of the well 
width has made it possible to independently tune other 
couplings and observe momentum-dependent relaxation 
times in (OOl)-GaAs QWs.g] 

Experimental studies relevant to the realization of 
these devices have mainly been carried out at rather low 
temperatures T or short spin lifetimes r s . In GaAs, signs 
of enhanced lifetime (due to the persistent spin helix [5 ) 
decreased rapidly with temperature and at T — 300 K, 
t s was only slightly above 100 ps; the loss of coherence is 
due to cubic-in-k terms in the SO Hamiltonian that re- 
lax the spin by the D'yakonov-Perel' (DP) mechanism. [6] 
Theory predicts zinc-blende (zb) (111) QWs benefit at 
T = K from certain cancelations of SO terms. [7] No 
experiments on this type of QW have been performed. 
There is experimental evidence that (HO)-GaAs QWs 
have enhanced spin coherence times and theory predicts 
infinite spin coherence for one element of the relaxation 
tensor.[8 However, the strong anisotropy of the spin re- 
laxation tensor ensures rapid decoherence in even small 
magnetic fields. [9; At higher temperatures, long spin life- 
times are limited by the strength of the cubic-in-k SO in- 
teraction in direct band gap zb semiconductors. In (110) 
zb-GaAs, spin relaxation times are limited by intersub- 
band spin relaxation at room temperature. [9] 



Nearly all of the theory and experiment along this re- 
search direction has been carried out on materials with 
the zb structure. However, there has also been work on 
bulk wurtzite (w) materials because their SO splittings 
are small |10) and there is hope of room temperature 
ferromagnetism in magnetically doped w-GaN and w- 
ZnO. jTTj Spin dynamics in bulk w-GaN has been studied 
by two groups, [TO] and there has been experimental [T!2] 
and theoretical |13l 1 14] work on spin lifetimes in w-ZnO. 
This strongly suggests that w-QWs should be studied, 
and indeed there is some recent work along these lines. 
Experimentally, the SO splittings have been measured 
by Lo et al. [15 ^ in Al x Gai_ x N/GaN QWs by either 
Shubnikov-de Haas or weak antilocalization (WAL) mea- 
surements. WAL measurements unambiguously point 
to SO coupling [16j and such measurements are found to 
agree with theory. [17] 

Here we determine the general temperature depen- 
dence of spin lifetimes in w-QWs due to the DP mech- 
anism. The DP mechanism is dominant at room tem- 
perature in bulk zb-GaAs[18] and w-ZnO[13] and this is 
expected to be true in modulation doped QWs as well. 
We discuss other relaxation mechanisms that may take 
over when DP is suppressed and show that they play no 
role at room temperature. For low-Z w-QWs long spin 
lifetimes of conduction electrons are possible at low and 
room temperature due to the combined effects of the w 
band structure and a small cubic-in-k coefficient in the 
SO Hamiltonian. We also discuss the feasibility of the 
needed tunings. 

There are striking differences in spin relaxation prop- 
erties between zb symmetry materials and the hexagonal 
symmetry of w materials like GaN, ZnO, or A1N. The SO 
Hamiltonian Hso for (001) QWs with zb symmetry is 

H sb = a R (k y a x - k x a y ) + p£ b \-k x a x + k v a y ) 
+ Pz{k x k 2 y o- x - k y k 2 x cT y ), 

where <x are the Pauli matrices; an is the Rashba cou- 
pling; fa is the cubic-in-k coupling, while = (k 2 z ) 
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is a Dresselhaus-type term that is controlled by confine- 
ment, (kf) is the expectation value of the operator k z 
in the QW wavefunction. If L is the QW width, then 
(k%) ~ (ir/L) 2 for the lowest electric subband and small 
structural asymmetry, ap is proportional to the electric 
field E z and can thus be tuned by applying a gate voltage 
or producing structures with asymmetry; 0^ depends 
on L; /?3 depends only on the material and cannot be 
turned off. When ap = ±0p b ^ the linear-in-k terms pro- 
duce a k-independent effective magnetic field in the (110) 
or (110) direction. [5] This can enhance spin coherence for 
spins oriented along the effective magnetic field. 
For (001) QWs with w symmetry we have |15l [T9] 

Hso = (as + - ftfcjf) (k y a x - k x a y ) , 

where 0p = 0x -\- b03 (k^ ). This form is clearly 
different from the zb has been confirmed 

experimentally. [HI As before, ap can be tuned by ap- 
plying a gate voltage or varying the asymmetry; how- 
ever, 0i even in the absence of an applied electric 
field - the w structure does not have the mirror symmetry 
z f-> —z. 0^ can be tuned by changing L. 

There are two important formal differences between 
HgQ and Hg Q . First, at the linear-in-k level, setting 

ap — —0^ in Hg gives zero effective magnetic field 
for all fc, which means much more dramatic enhance- 
ment of spin coherence. As pointed out by Lo et al., 
this is what makes their Al^Gai-^N/GaN structure an 
excellent candidate for the non-ballistic spin field effect 
transistor. [15] Second, if we define fen = (k x ,k y ), then at 
the cubic-in-k level for a circular Fermi surface and elas- 
tic scattering, |feii| is conserved and we can set k\\ = kp, 
the Fermi wavevector. As pointed out by Wang et al., 
the effective field can be cancelled all the way to third 
order by enforcing the condition ap + 0p — 0sk F = 0, 
eliminating what appears to be the major source of spin 
decoherence in the experiments to date.[15j[T9] Note that 
the final term can be independently tuned by changing 
the electron density. The SO Hamiltonian for (111) zb- 
QWs is similar to (001) w-QWs; 7J similarities also exist 
between (110) zb and (100)/(010) w-QWs which will be 
dealt with in a future publication. 

In addition to different crystal symmetries, an impor- 
tant quantitative difference between zb and w semicon- 
ductors is the strength of the SO interaction. The com- 
mon wurtzite GaN has smaller SO coupling than GaAs. 
Of prime importance for spin lifetimes at room tempera- 
ture is the coefficient for the cubic-in-k terms in the SO 
Hamiltonian; 03 = —0.32 meV nm 3 for GaN 22 com- 
pared to 03 = 6.5 — 30 meV nm 3 for GaAs. [4] From 
the spin lifetimes evaluated below, an expression for the 
maximum t s at high temperatures, T 3> Tp, can be 
obtained analytically T s _1 (max) = 32r tr m* 3 0%k B T 3 /h s , 
which shows that 03 determines the fall-off of T s (max). 
w-AIN is the most favorable, with 3 = —0.01 meV nm 3 , 
but is less well-characterized than GaN since experiments 



are lacking and only one theoretical estimate of 0\ has 
been calculated. [T9 ] [21 ] [23] 

In Fig. 1(a) we plot r s as a function of ap at T — 300 K 
for w-AIN and w-GaN, with the aforementioned param- 
eter values. The SO couplings of w-GaN are the best- 
characterized of the w materials. When apt is appropri- 
ately tuned for w-GaN, t s approaches 10 /is at T= 5 K 
if T~t r — 0.1 ps and even at T = 300 K can reach values of 
4 ns if T tr = 0.1 ps. At T = 300 K and r tr = 0.1 ps, the 
maximum spin lifetime in w-AIN is 0.5 [is. At 5 K, the 
spin lifetime in w-AIN surpasses 2 ms if r tr — 1 ps. The 
peaks in r s lie slightly off the condition ap — —0p'; the 
difference is a measure of the importance of the cubic-in-k 
term. This implies that devices meant to be operated at 
different temperatures would need to be tuned somewhat 
differently. The extremely long spin relaxation times in 
both w-GaN and w-AIN are not limited by the Elliott- 
Yafet (EY) mechanism 24] since we determine the spin 
relaxation time due to EY to be tey ~ 100/xs at room 
temperature. Unlike in (110) zb-QWs, intersubband spin 
relaxation is not the limiting mechanism either; due to 
the small SO coupling we find it to be 1 ms - 10 6 times 
weaker than in zb-GaAs QWs.[9 As a comparison to the 
w materials we show the corresponding high tempera- 
ture calculations for (001) and (111) zb-GaAs QWs in 
Fig. 1(b). The times are shorter by orders of magnitude 
compared to the w materials. High temperature maxima 
expressions for zb-(001) and zb-(lll) are similar to what 
was determined for w-(001). The contrast in t s is due to 
the much larger 03 in GaAs. 

We now sketch the calculation that gives the results 
quoted above. The spin relaxation tensor is defined 
by the equation dSi/dt = — J2j= x y z ^ij^j an d S is the 
spin polarization vector. The DP contribution to T is 
given by [5D] 

r m = J- V f~dE[f+(E,T)-f-(E,T)]T n rt 
2h \^ J °°dE[f + (E,T)-f_(E,T)] ' 



where 7#( fe ||)= Tr{[ff^ , i H so> ^IM- The scatter- 
ing rates are given by l/r„= J„ 27r d0 W(E, 9)(1 — cosn#). 

HgQ= Jg 27r d<pkHso{k\\) exp(— in^k) are the harmonics of 
the SO Hamiltonian. Here f± (E, T) is the Fermi distri- 
bution for spins of positive and negative helicity (<r • fen ) , 
<pk is the angle between fey and the fc^-axis, is the scat- 
tering angle, and W (E, 9) is the scattering rate. The 
various scattering times are energy-dependent due to the 
energy dependence of W. Here we take t\ to be energy in- 
dependent for simplicity and to illustrate the main ideas. 
We reserve a full treatment of the energy dependence for 
future work. 

We focus first on the w case with a circular Fermi sur- 
face. When the energy splitting between positive and 
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negative helicity states is small, we find 

r$(T) = ^W(T) = p ||- y [(a iJ + ^ ) 2 CIi( ^ ) 

- 2(a R + P^fafhifin) + PlC?h{Pti] , (1) 

where ( = 2m*k B T/h 2 , /3 = l/k B T, /i is the chemi- 
cal potential, I r (z) = J °° x r / {4 cosh 2 [(a; — z) /2]}, 
and T tr , the transport time, is an experimental quan- 
tity. All other components of T vanish. This simpli- 
fies at zero temperature T^y = AT im *E F {a R + fig* - 
2m* PzEph~ 2 ) 2 h~~ 4 . Ep is the Fermi energy. Clearly the 
T = relaxation times diverge when the tunable quan- 
tity ctR + p^' — 2m* P^Ep /h 2 vanishes. This divergence 
is cut off by finite temperatures. 

In zb structures T is observed to be anisotropic, and the 
appropriate quantities are r^?\ and r{ zb ^ the relaxation 

rates for spin along the [110] ([110]) and [001] directions. 
The results are determined in Ref. [20l These expressions 
for zb approach finite limits as T — > 0, regardless of the 
values of the parameters. This is in sharp contrast to 
the relaxation rates in Eq. [I] 

We now address the tunability of possible devices. In 
zb-GaAs it has been possible to achieve quite substantial 
variations in the appropriate parameters. [41 \2~5\ Koralck 
et al. were able to change P^ by making structures 
with different well widths and to change an by adjusting 
the dopant concentrations on the sides of the well, corre- 
sponding to a maximum electric field of 5.4 x 10 -3 V/nm. 

In this way a range of a R /P ( n b) of about 0.25 to 1.25 was 
achieved, without even needing a gate. Ps was inac- 
cessible and remained constant for all structures, setting 
an upper limit on spin lifetimes. Significant experimen- 
tal tuning of SO coupling in w-GaN has not yet been 
achieved. However, calculations have been done[26] for 
w-GaN, which produce the correct magnitude for the spin 
splittings overall (~ 5 meV at Fermi wavectors of typical 
structures). These authors do not compute an, Pi, and 
Pz explicitly, but their computed spin splittings at a typ- 
ical Fermi wavevector shows that changes in spin split- 
tings by a factor of 4 or so can be achieved by changing 
the well width from 10 to 2 unit cells; to achieve the same 
sort of change due to external electric fields required very 
strong fields of order 1 V/nm. This suggests that chang- 



ing well width and electron density rather than electric 
field will be the most favorable route for tuning of w- 
QWs. 

In conclusion, we predict that QWs consisting of w 
materials, e.g. GaN/GaAIN, can be tuned to achieve 
very long spin lifetimes. These lifetimes are at zero mo- 
mentum (q = 0), not helical modes, and are therefore 
better for spin injection and transistor devices operating 
at mesoscopic length scales. We predict A1N may offer 
the longest spin lifetimes, with a lifetime of 0.5 fj,s at 
room temperature. 
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FIG. 1: (a) Spin relaxation times r y = r x (Eq. [T| for w-AIN 
and w-GaN; (b) spin relaxation times for various zb-GaAs 
QW structures for zb-GaAs as a function of Rashba coupling 
otR&tT = 300 K. Parameters used for w-AIN: (3i_ = 0.09 meV 
nm,[5T] T F = 15 K; w-GaN: /3i = 0.9 meV nm,[22] T F = 25 
K; zb-GaAs: /3 3 = 20 meV nm 3 , T F = 80 K. L = 10 nm and 
T tr = 0.1 ps for all QWs. All Tf's correspond to an electron 
density ~2x 10 11 cm~ 2 . 
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